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It is well established experimentally that thermalvacancy concentration in
FeAlalloys of the B2 structure is measured to be very high, up to severalpercent
at hightemperatures1-3. of particularinterest is the fact that most of the thermal
vacancies in the FeAlalloys can be readily frozen-ill by rapid cooling of thealloys
from the hightemperatures4J. The supersaturation of thermalvacamies can lead
to their binding into foming divacancies as predicted by the theoretical
Calculation7 and further clustering of them into higherlQrder vacancy complexes
and extended defects as experimentally observed5･ 8-1 1･ IIere we show that a large
number of thermalvacancies can be frozen into FeAlalloy ribbons by a
conventional rapidTSOlidi瓜cation method, and the FeAl ribbonsare made
mesoporous (i.C., pores, voids, or cavities in the meso･づCale size and interspacing),
especially nearthe surfaces, by vacancy clustering throughheat treatment. This
vacancy clustering behavior was com丘rmed by inっitu heating experiment in TEM.
These results suggest that the vacancy clustering lS a unlque Process Which enables
us to eWICiently produce mesoporous metaluc materials.
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Fe45m01%Al alloy was produced from 99.99 mass% electrolytic ironand 99.99
mass% aluminum byanarclnelting techmique. Thealloy Ingots Were relnelted in a
quartz tubeand rapidly solidified intoribbons of about 2mm in width and 20 pm in
thickness by a conventional singlel1011 meltっplnnlng apparatus ･ Equiaxed graln
structure with the mean graln Size of about 10 pm was developed inthe FeAlribbons
throughthe rapid solidification. In Xiay di飴action (XRD) profiles of as.melt･づPun
ribbons, superlattice dif&action peaks from the B21やrdered structure were clearly
identified as well asfundamentaldiffractionpeaksfrom the bcc structure, indicating
that the FeAlribbons are already B21やrdered immediately after the melt一名Plnmng･ The
average lattice parameter estimated bythe XRD peakanalysis is approximately 2･899
A. This value is much smallerthanthat of the similar composition reported inthe
previous study6, suggesting a high vacancy concentration･ Taking two assumptions that
(i) a half of the excess Fe atoms overthe stoichiometric composition (Fe:Al= 1 : I)are
displaced into the AI sublatticeand (ii)there is no Al atoms displaced intothe Fe
sublattice, we canCalculate the density of theribbons usingthe lattice parameter･ The
calculated value is approximately 5･846 蛋/cm3･ on the other hand,血e average bulk
density of the FeAlribbons was measured bythe Archimedes method, to be
approximately 5･793 g/cm3･ The difference between the above calculated and measured
values is considered to result from vacancies,and consequentlythe average vacancy
concentration inthe FeAlribbons is estimated to be approximately 0.9 %. This is about
1013 higherthanthe vacancy concentration of the FeAlalloys in thermalequilibrium at
room temperature3･ Thus, it is found that rapid solidification by meltiPlnmng lSan
useful teclmique to quenchjnanextremely high density of thermal vacancies into FeAl
alloys.
It is well known f♭r the FeAl ordered alloys that supersaturated vacancies are
readily amealed out by a heat treatment above 673 K5,6･8-13･ 也 order to reduce the
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supersaturated vacancies inthe melt･づPunribbons, a heat treatment at 723 Kfor 24 h
was camied out inthe present study. The lattice parameter of theribbons after the heat
treatment was measured bythe XRD peakanalysis agaln,and the average value was
estimated to be approximately 2.903 A. This value is much close tothat of
fully均nnealed Fe･45m01%Al reported in the previous work6･ This evidence indicates
that the concentration of the supersaturated vacancies is greatly decreased by the heat
treatment･ After the heat treatment, a large number of dotted pattemsare observed on
surfaces oftheribbons by scaming electronmicroscopy (SEM), as shown in Fig. I(b),
which was never seen before the heat treatment (Fig. 1 (a)). Surface morphology of the
ribbons wasalso examined by atomiCforcemicroscopy (AFM),and it was observed
that pores of a couple of hun血eds manometers or less in size are homogeneously
distributed onthe surfaces, as shown in Fig. 1(C). This morphology is in good
agreement withthe above SEM image, indicating that dotted patterns observed in Fig･
1(b)are pores. Therefわre, it was confirmed that surfaces of theribbons become
mesoporous by the heat treatment･ The mesoporesare believed to be fomed through the
vacancy absorption process.
Mesopores were also obseⅣed inside the heatlreated ribbons by transmission
electronmicroscopy (TEM)･ It was confTlmed by selectedarea difkaction pattems
(SADP) and using several contrast conditions血at血ey were neither precipitates nor
inclusions but pores･ Pore size is under 100 nm,and its density is lower than that near
surfaces･ To characterizethe morphology and crystallography of the mesopores, tilting
experiments by TEM were perfomed at the same location, as shown in Figs. 2(a)<C). In
Fig･ 2(a), which was obseⅣed near the 【0011 zone axis, rectangular pores are seen
clearly together with dislocations (straight lines). It should be noted that one side of the
rectangles is parallel to the (loo) planeand the other side to the (010) plane for all of the
pores observed there. In Fig. 2(ち), which was observed nearthe l01 ll zone axis,the
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pore images are still rectangular,孤d血e sides of the rectangles are parallel to也e (100)
and (01 1 ) planes. In addition,the pore images have two different contrastareas, that
is, a bright area is sandwiched by darkareas･ In Figl 2(C), which was observed nearthe
【 1 1 ll zone axis, the pore images are changed to be hexagons, and sides of血e
hexagonal images are parallel to the (101), (110) and (01 1 ) planes, respectively.
These pore imagesalso have two contrastareas, that is, 1rLner hexagonsare bright and
su汀Ounded by a dark area. From these results, it is deduced that pore's
threeJimensional shape is a rectangularparallelepipedandthree surfacesare parallel to
the (loo), (010)and (001) planes, respectively, as schematically shown in Fig. 2(d). The
fomation of these mesopores is also considered to be due to vacancy clustenng. The
pore formation by vacancy clustenng was occasionally observed in a FeAI B21やrdered
alloy14･ The pore nucleation and growth by vacancy clustering werealSo reported for a
NiAI B2→)rdered alloy15･
Figure 3 shows thermograms of the FeAlribbons obtained by differential
scaming calorimeter (DSC) at different heating rates. A distinct exothemic peak
appears between 700 and 880 K in each DSC cuⅣe･ The onset temperatures of血e
peaks at slower heating rates are much close to the temperature of the heat treatment.
The peak position shi允s to higher temperature as the heating rate increasesi The change
in the peak position which depends on heating rate indicates血at the phenomena
causlng the exothemic peakare relaxation processesI Zaroualet al･16also observed an
exothemiC peak inthe simi1artemperature range in quenchedjn FeAl bulks,and
concluded with the results of magnetic susceptibility measureme山s that the peak is
attributed to migration and clustering of supersaturated, vacancies. The activation energy
of the relaxation process estimated by也e Kissinger plot17 is approximately 1 ･ 17 eV, in
excellent agreement withthe value obtained by Zaroualetal･16･ Thus, weare convinced
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that the exothemic relaxation peaksare related to the absorption process of
supersaturated vacancies accompanied withmigration and clustering･
The vacancy clustering process was directly obseⅣed in TEM by heating the
meltっpunribbons using a sample holder equipped witha heating stage. Fig. 3(a) is a
bright field image of a pre七eatedribbon. Before heating, it was made surethat there
were pores occasionally in血e ribbon but its density was very low. Subsequently, the
ribbon was heated at 723 Kfor 1 hour within TEM onthe sample holder. Fig. 3(b) is the
bright field image of the post止eatedribbon. The location is the same as that observed in
Fig･ 3(a)･ We can find that a lot of mesoporesare newly created during the inっitu
heating experiment･ Fig･ 3(C) showsanother bright field image of the post止eatedribbon
taken at a different locationand a higher magmification. The normaldirection of the thin
foil plane at this location is close to the l001] direction. We cansee weak.Contrast
pattems in high density in the background besides pores likely observed in Fig. 3(b).
The poresand the weaktontrast pattems are rectangularin shape,and orientedalong
the same direction. Again, one side of the rectangles is parallel to the (100) plane and
the other side tothe (010) plane. These morphology and crystallographyarethe same as
those of pores obseⅣed in Fig. 2. Accordingly, we can consider仙at the weakヾontrast
pattems are caused by pores formed near the surface. Actually, we observed numerous
pores of the similarsize on the thin foil sur払ce by SEM after the inっitu heating
experiment.
We would like to emphasize herethat the mesoporous phenomenon observed in
Fig･ 1 is not an extraordinary case onlyforthe surface of as.melt･づPunribbons. If we
canobtain new sur血cefrom meltlSpunribbons without strain, fToranexample by
electropolishing,the surface is readily changed to be mesoporous by vacancy clustering
afterthe heat treatment･ This vacancy clustering techmique would open new
technologies to produce mesoporous metallic materials.
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Figure 1 Surface morphology of me一t.spun Fe45molOJoAl ribbon. (a) SEM
image before heat treatment. (b) SEM image after heat treatment at 723 K for l
hour. (C) AFM image a允er the heat treatment.
Figure 2　　　Bright fie一d images of heatlreated ribbons and morphology of
pores created by vacancy clustering. (a) lncident beam direction, B毎【001 】･ (b) B一
考【0111. (C) B記【了11). (d) Schematic illustration of morphology and
crysta"ography of pores.
Figure 3　　　DSC thermograms of the FeAl ribbons measured at four different
heating rates.
Figure 4　　　Bright fie一d images taken in inづitu heating experiment by TEM,
(a) before heat treatment. (b) after heat treatment at 723 K for 1 hour･ (C) Higherf
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